parabelt region. This density gradient reflects progressive reductions in both staining density and width of the IIIb/IV band along the core-belt-parabelt axis. Although the functional significance of these anatomical gradients is not well understood, it is reasonable to suppose that they contribute to activity-related differences between regions.
Considered together, thalamocortical input patterns and chemoarchitectonic marker distribution tend to covary along the corebelt-parabelt axis. Systematic decreases in layer IIIb/IV marker density are accompanied by shifts in the origin and laminar distribution of thalamic and cortical inputs, suggesting that these anatomical gradients are functionally linked. On the assumption that such gradients reflect activity-related differences between regions, we were led to consider whether there may also be gradients in the distribution of glutamatergic inputs along the corebelt-parabelt axis. Glutamate is widely assumed to be the principal excitatory neurotransmitter in cortex, and is well established as the primary excitatory neurotransmitter released by thalamocortical afferents in the auditory cortex (Cruikshank et al., 2002; Kharazia and Weinberg, 1994; LeDoux and Farb, 1991; Popowits et al., 1988) . Accordingly, glutamatergic thalamocortical terminals should be concentrated in the IIIb/IV band, and in a manner that reflects the sublaminar projection patterns of each MGC division.
As an index of this feature, widefield and confocal microscopy were combined to study immunohistochemical expression of the vesicular glutamate transporter, VGluT2, in the macaque monkey auditory cortex. Vesicular glutamate transporters (VGluTs) regulate glutamate storage and release in synaptic vesicles (Fremeau et al., 2004a,b; Kaneko et al., 2002b) . The mRNA of the VGLuT1 and VGLuT2 isoforms are widely expressed by glutamatergic neurons in the spinal cord, brainstem, thalamus and cortex, although expression patterns vary between structures (Fremeau et al., 2004a (Fremeau et al., , 2001 Hur and Zaborszky, 2005; Nahmani and Erisir, 2005) . In some areas, VGluT1 and VGluT2 have been found in synapses with low and high-release probability, suggesting that the two transporters reflect distinct classes of glutamatergic projections with complementary distribution patterns and functional roles (Kaneko and Fujiyama, 2002a; Varoqui et al., 2002) . In sensory systems, however, their segregation is not complete. In the primary somatosensory cortex (S1) of mice, Graziano et al. (2008) reported that the laminar distributions of VGLuT1 and VGluT2 immunoreactive terminals were partly overlapping. Specifically, VGluT2 immunoreactive (-ir) terminals were concentrated in layer IV, whereas VGluT1-ir terminals were concentrated in layers I-III, and less dense in layer IV. This pattern is comparable to other studies in which VGLuT2-ir was concentrated in layer IV terminals of visual and somatosensory cortex (Fujiyama et al., 2004; Kaneko et al., 2002b) . Graziano et al. (2008) also found that both transporters were colocalized in many layer IV terminals. This appears to confirm an earlier observation in rats in which VGluT1 and VGluT2 mRNA were co-expressed in nearly all neurons in the primary sensory relay nuclei of the thalamus (Barroso-Chinea et al., 2007) . In the MGC, VGluT1 mRNA expression was confined to the MGv, whereas neurons expressing VGluT2 were widely distributed in all divisions. In consideration of all of these findings, then, it appears that VGluT2-ir is a general marker of the glutamatergic thalamocortical projection to auditory cortex, whereas VGluT1-ir is associated both with corticocortical projections involving the supragranular layers, and the MGv projection to layer IV of A1 and perhaps other core areas.
Materials and methods

Tissue acquisition and histology
All procedures involving animals were conducted in accordance with international standards on animal welfare, followed NIH Guidelines for the Care and Use of Laboratory Animals, and were approved in advance by the Vanderbilt University Institutional Animal Care and Use Committee. Temporal lobes were obtained postmortem from two macaque monkeys (M. radiata). The animals were deeply anesthetized by a lethal dose of pentobarbital. Immediately after cardiac arrest the animal was perfused through the heart with 1 l each of the following solutions prepared in 0.1 M phosphate buffer (pH 7.4): 0.9% saline, cold (4 8C) 4% paraformaldehyde, and cold (4 8C) 4% paraformaldehyde plus 10% sucrose. Following perfusion the brains were removed and photographed. The cerebral hemispheres were separated from the thalamus and brainstem, blocked, and placed in 30% sucrose for 1-3 days. Blocks containing auditory cortex were cut frozen at 40 mm on a sliding microtome in an off-coronal plane, perpendicular to the long axis of the temporal lobe. Alternating series of sections were processed for Nissl (N) using thionin, acetylcholinesterase (AChE) (Geneser-Jensen and Blackstad, 1971) , cytochrome oxidase (CO) (Wong-Riley, 1979) , myelinated fibers (MF) (Gallyas, 1979) , and immunohistochemistry for parvalbumin (PV), vesicular glutamate transporter 2 (VGluT2), and the neuron-specific protein, NeuN (details below). Some series were reacted for VGluT2 and PV or VGluT2 and NeuN using dual fluorescence immunohistochemistry.
Immunohistochemistry
In each animal, two to three adjacent series of sections were reserved for immunohistochemical detection of VGluT2, PV, and NeuN with monoclonal antibodies and fluorescent secondary antibody conjugates. All antibodies used are commercially available and have been well characterized (Table 1) . Sections reserved for sequential double or triple-fluorescent immunohistochemistry were rinsed in 0.01 M phosphate buffered saline and 1% Triton X-100 (PBS-Tx) (pH 7.4), incubated for 2 h at room temperature in blocking solution (3% normal goat serum in 0.01 M PBS-Tx), then incubated for 48 h at 4 8C in blocking solution containing the primary antibody at the concentration listed in Table 1 . After this incubation, sections were rinsed in PBS, then incubated for 24 h at 4 8C in a 1:200 solution of 0.01 M PBS containing one of three Alexa-fluor secondary anti-IgG conjugates (Invitrogen) ( Table 1) . Thereafter, sections were rinsed in PBS, and incubated in the second or third primary/secondary antibody combination. For each run, control sections not incubated in the primary antibody were reserved for comparison with reacted sections. Those comparisons revealed no cross-reactivity between antibodies. After completion of all incubations, sections were mounted on glass slides, coverslipped, and stored at 4 8C in the dark.
As an additional control, a separate series of sections was reacted for VGluT2 alone using the same primary antibody, but with a standard avidin-biotin complex reaction (Vector Labs PK 6200) in place of the fluorescent secondary. Briefly, prior to incubation in the primary antibody, endogenous biotin was blocked using an avidin-biotin blocking kit (Vector Labs SP 2001) . Sections were rinsed in PBS and incubated in the primary antibody as described above. This was followed by incubations for 2 h in the biotinylated secondary antibody (horse anti-mouse, 1:200), and 2 h in the avidin-biotin complex. The substrate reaction was performed with the Vector Labs VIP kit (SK-4600).
Microscopy
Reacted tissue sections were examined under brightfield or fluorescent illumination on a Nikon E80i microscope, equipped with filter cubes matching the emission spectra of the fluorescent secondary antibodies (405, 488, and 594 nm), and a dual FITC/TRITC cube for visualizing red and green fluorescence simultaneously. Digital images were acquired with an MBF CX9000 camera and Neurolucida 7.0 software (Microbrightfield, Inc.). Image montages were acquired with the Virtual Slice plugin for Neurolucida. Images were cropped, and adjusted for brightness and contrast.
Confocal image stacks of double-and triple-labeled fluorescent material were obtained using an Olympus Fluoview 1000 laser scanning confocal microscope equipped with 405 nm diode laser, and Argon 488, and 543 lasers, 60Â Plan Apochromatic objective (NA 1.42), pinhole size of 1 Airy unit (zoom = 2). Resolution was 103 nm/pixel in the X-and Y-dimensions (1024 Â 1024 pixels/frame), and step size in the Z-dimension was 0.74 mm. Three-dimensional image stacks were obtained with the Olympus Fluoview viewer (V1.6a), then exported to ImageJ (NIH) for additional analysis.
Results
Histochemical and immunohistochemical expression patterns
Series of adjacent sections were processed to reveal PV-ir and VGluT2-ir (dual fluorescence), CO, AChE, MF, and Nissl in coronal sections of the macaque monkey auditory cortex in the caudal two-thirds of the temporal lobe. Illustrated in Figs. 2 and 3 are low magnification images of adjacent sections stained for these markers at the level of A1 and R, respectively. Two major features are noted here. First, the expression of PV-ir, VGluT2-ir, CO and AChE was concentrated in an overlapping horizontal band in the middle layers of cortex, corresponding to the layer IIIb/IV band. Second, expression density in the IIIb/IV band was highest in the core (A1 and R), intermediate in the surrounding belt areas (MM, ML, RM, and AL), and weakest in the parabelt (CPB and RPB), reflecting a descending gradient along the core-belt-parabelt axis. In the AChE preparation, additional bands of intense staining were located in layers I and Vb. Comparable patterns were observed in sections stained for myelinated fibers (MF). In the core, MF staining had an astriate pattern, typical of the core region, in which laminae III-VI are made indistinct by the dense matrix of horizontal and vertical (radial) fibers (see Hackett et al., 2001) . The belt and parabelt areas had a bistriate pattern of myelination, in which the bands of horizontal fibers in layers IV and Vb are visible due to reductions in the density of the intervening laminae. Overall, myelin density was lower in the parabelt. Contrasting with weak density in layer II, MF staining in layer I was prominent across all areas, as it was in the AChE preparation. In Figs. 4 and 5, the laminar distribution of these markers is shown at higher magnification. In the core, VGluT2-ir was concentrated in the neuropil of layers IIIb and IV (upper portion), overlapping dense PV-ir and staining for CO and AChE (demarcated by arrowheads). VGluT2-ir along the border between layers IV and Va was sharp and cleanly demarcated, whereas staining at the upper border of IIIb diminished more gradually. Similar patterns characterized the expression of PV, AChE and CO in the neuropil of the IIIb/IV band, indicating that the laminar distribution of these markers is highly overlapping. Also visible in the core at this level of magnification was a very weak band of VGluT2-ir in layer Vb/VI, overlapping the relatively prominent band of AChE staining in the same layer. In the belt areas, VGluT2-ir was concentrated in layer IIIb, with limited involvement of the upper half of layer IV. As in the core, PV-ir and histochemical staining of CO and AChE were coextensive with VGluT2-ir. VGluT2-ir IIIb of the parabelt was weaker than all other areas examined, matching that of the other markers.
In addition to its expression in the neuropil of the layer IIIb/IV band, PV-ir was located in the somata and dendrites of neurons in all areas of auditory cortex. Typically, the PV-ir neurons were scattered throughout layers II-VI. Although generally less numerous in layer IV, there was a slight tendency for PV-ir cells to be concentrated along the border of layers IV and V.
Double fluorescent labeling of NeuN + VGluT2
Sections processed for double fluorescent labeling of the neuron-specific antibody (NeuN) and VGluT2 were used to verify the laminar expression patterns of VGluT2 observed in adjacent sections stained for various markers (above), and to more carefully study their coexpression with the aid of the confocal microscope. Epifluorescent (Fig. 6 ) and high-magnification montages of confocal image stacks (Fig. 7) were obtained from adjacent areas of the core, belt and parabelt at the level of A1.
Confirming observations from inspection of adjacent sections stained for different markers, VGluT2 expression in A1 (green) was concentrated in the neuropil among the small (granule) NeuN-ir cells of layer IV (red) and extended into layer IIIb, which contained larger NeuN-ir pyramidal neurons (Figs. 6A and 7) . The NeuN-ir cells in layer IV of A1 were arranged in wellorganized vertical columns that could be followed well into layer III and sometimes into layer II. VGluT2-ir was concentrated around cell columns, creating a strong columnar appearance in A1. In layer VI (Fig. 6E) , a relatively sparse band of VGluT2-ir was formed by the local branching of axons. These were studded by immunoreactive densities, likely boutons en passant. From the confocal images (Fig. 7) , it can be seen that VGluT2-ir was concentrated in the neuropil surrounding cell soma, presumably on dendrites (Graziano et al., 2008) , which were not well defined by the NeuN antibody. Somata were not immunoreactive for VGluT2.
In the belt areas (MM and ML), the VGluT2-ir band was narrower than A1, and concentrated in layer IIIb (Fig. 6B and C) . In area MM, medial to A1, VGluT2-ir in this band was moderately dense, but reduced compared to A1 and extended slightly into layer IV. VGluT2-ir in the layer IIIb band of area ML was less dense compared to MM. The columnar distribution of labeling in belt was not as clear as in A1, especially for ML where labeling was the weakest. As in A1, VGluT2-ir was concentrated in the neuropil of MM and ML, with sparse labeling on somata ( Fig. 7B and C) . VGluT2-ir in the IIIb/IV band of the parabelt (Fig. 6D) was rarely detected. As in the core, a weak band of VGluT2-ir was found in layer VI of belt and parabelt areas (Fig. 6F-H) , characterized by the local branching of axons studded by numerous boutons en passant.
Discussion
The purpose of the present study was to reveal the regional and laminar distribution of VGluT2 in auditory cortex of the macaque monkey, and relate those findings to established patterns of thalamocortical and corticortical connections. The main findings of this study were: (1) VGluT2-ir in the macaque auditory cortex was concentrated in the neuropil of a horizontal band involving layers IIIb and IV, with weaker expression in layer VI; (2) VGluT2-ir in the IIIb/IV band was coextensive with the elevated expression of several markers, including PV, AChE, and CO; (3) the density of VGluT2-ir was highest in the core, intermediate in the belt, and sparse in the parabelt; (4) in the core region, VGluT2-ir was concentrated in layer IIIb and the upper half of IV; (5) in the belt and parabelt region, VGluT2-ir was focused in IIIb; (6) VGlutT2-ir densities were concentrated in the neuropil, presumably on dendrites. These findings are summarized in Fig. 8 , and discussed in the sections that follow. 
Regional differences in VGluT2 immunoreactivity
The division of auditory cortex into hierarchically organized regions is primarily based on anatomical gradients, such as neuronal architecture and connection patterns (Hackett, 2007a; Kaas and Hackett, 2000) . The results of the present study add relevant new information about the distribution of glutamatergic inputs across regions. Most notably, we observed that VGluT2-ir in the thalamorecipient layers (IIIb and IV) varied systematically along the medial-lateral axis (i.e., between regions). Thus, the density of VGluT2-ir was highest in the core, intermediate in the medial and lateral belt, and very low in the parabelt (Fig. 8A) . Moreover, VGluT2 density gradients closely matched those of PV, AChE, and CO established in the present and previous studies (de la Mothe et al., 2006a; Hackett et al., 1998a Hackett et al., , 2001 Jones et al., 1995) . Their close correspondence implies that these markers are functionally related, and covary in a manner that reflects activity-dependent differences between regions.
For example, the concentration of CO in the layer IIIb/IV band of primary sensory areas is commonly thought to reflect elevated metabolic demands, as neuronal and synaptic densities are generally greater in these laminae (O'Kusky and Colonnier, 1982; Wong et al., 1998) . PV expression is associated with neurons that can fire repeatedly at high rates (Rudy and McBain, 2001) , and VGluT2 is often located in synapses with high-release probability (Fremeau et al., 2004a,b; Varoqui et al., 2002) . Accordingly, the elevated expression of CO, PV and VGluT2 in the thalamorecipient layers could be associated with higher activity levels, especially in the core region where the expression of these markers is greatest. Similarly, elevated AChE expression may reflect the dependence on acetylcholine release for synaptic and receptive field plasticity in layers III and IV which has been well documented in A1 (Rasmusson, 2000; Weinberger, 1995) . The reduction of these markers in the belt and parabelt implies that neuronal activity changes systematically along the core-belt-parabelt axis. Although electrophysiological studies of the parabelt are currently lacking, studies of the core and belt areas have revealed differences in response properties of neurons along this axis, including increased tuning bandwidth and longer response latencies (Kajikawa et al., 2005; Lakatos et al., 2005; Rauschecker et al., 1995; Recanzone et al., 2000) .
Laminar patterns of VGluT2-ir and relationship to thalamocortical inputs
The concentration of VGluT2-ir in the thalamorecipient layers of auditory cortex, especially the core region, matches laminar distribution patterns observed in studies of primary somatosensory and visual cortex (Fujiyama et al., 2004; Graziano et al., 2008; Kaneko et al., 2002b) . Thus, elevated VGluT2-ir in the thalamorecipient laminae may be a common property of primary sensory cortex. Further, Graziano et al. (2008) positively localized VGluT2 to axon terminals in layer IV of S1 cortex from neurons in the ventroposterior nucleus (VP) in the thalamus, suggesting that VGluT2-ir may be useful as a marker of glutamatergic thalamocortical projections. Given those findings, a number of anatomical observations from the present and previous studies can be tied together with important functional implications for auditory cortex.
As indexed by VGluT2-ir, the laminar patterns of glutamatergic thalamocortical projections to primate auditory cortex vary regionally. It is well established that the blend of inputs from each MGC division varies between regions of auditory cortex (de la Mothe et al., 2005; Hackett, 2007b; Hackett et al., 1998b Hackett et al., , 2007 Jones, 2007; Molinari et al., 1995; Morel and Kaas, 1992; Morel et al., 1993) . Generally, neurons in the MGv target the core region, neurons in the dorsal divisions (MGad and MGpd) target the belt and parabelt regions, and the MGm targets all areas (Fig. 8C) . In addition, the average density of these projections appears to vary somewhat between regions ( Fig. 8A and C) . Following tritiated proline injections into divisions of the MGC and adjoining nuclei in monkeys, Jones and Burton (1976) found that the density of labeled terminals was highest in the core (A1) and moderate to high in areas corresponding to the belt and parabelt. Thus, in the core and belt regions, VGluT2-ir and thalamocortical terminal density is corresponding. In the parabelt region, however, where VGluT2-ir was very sparse or absent, Jones and Burton (1976) found that terminal density was not significantly lower than in the belt areas.
These results suggest several possible, and perhaps related, explanations. First, VGluT2-ir in auditory cortex may largely reflect inputs from the primary (MGv) pathway (Fig. 8C) . Although the MGv projection mainly targets areas in the core region, weaker MGv inputs to some areas in the belt region have been observed (Hackett et al., 2007; Molinari et al., 1995; Morel and Kaas, 1992; Morel et al., 1993) , but not to the parabelt (Hackett et al., 1998b) . Thus, if VGluT2-ir is a selective marker of the glutamatergic MGv projection, the gradient in its projections could account for the systematic decreases in VGluT2-ir observed along the core-beltparabelt axis. This explanation is probably incomplete, however, since neurons expressing VGluT2 mRNA are widely distributed throughout the MGC in rats (Barroso-Chinea et al., 2007) . Thus, VGluT2-ir in the belt areas could reflect projections from a subpopulation of neurons in the MGad, MGpd, or MGm. This would not explain the absence of VGluT2 in the IIIb/IV band of the parabelt, however.
A second and closely related possibility is that VGluT2 is expressed by a subpopulation of neurons distributed in variable proportions among the divisions of the MGC (Fig. 8B and E) . For example, each MGC division contains distinct neuronal subpopulations immunoreactive for the calcium-binding proteins parvalbumin (PV-ir) or calbindin (CB-ir) (Hashikawa et al., 1991 Jones, 2003; Molinari et al., 1995) . The PV-ir neurons project to layers IIIb and IV, whereas the CB-ir neurons mainly project to superficial layers (I-III). The MGv, which primarily targets the core region, is dominated by the PV-ir population. The MGad, which mainly projects to caudal belt areas, such as MM and CM ( has a dominant PV-ir population, but has more CB-ir neurons than the MGv. The MGpd and MGm have comparable numbers of both cell types. So, the relative numbers of PV-ir neurons in each MGC division is positively correlated with the relative differences in VGluT2 density observed between the core and belt regions in the present study. The PV-VGluT2 combination does not account for the near absence of VGluT2-ir in the parabelt, however, since the MGpd appears to contain equal numbers of PV-ir and CB-ir neurons and its projection to the parabelt is comparable in density to the belt (Jones and Burton, 1976) . On the other hand, since it has not been established that PV-ir neurons in the MGpd project to the parabelt, this remains an open question.
A third explanation could be that glutamatergic neuronal subpopulations across the MGC utilize different and perhaps unknown glutamate transporters. Currently, three VGluT isoforms are known. VGluT3 does not appear to be widely distributed in cortex and is therefore not a likely alternative. As for VGluT1, Graziano et al. (2008) found that the laminar patterns of VGluT1 and VGluT2 protein expression in S1 were largely complementary. VGluT1-ir was concentrated in layers I-III and reduced in layer IV, whereas VGluT2-ir was concentrated in layer IV, with a secondary band in layer VI. Similar patterns were evident in A1 and V1, as well. However, judging from the images provided, there was no evidence that VGluT1 was upregulated in secondary areas surrounding A1, S1 or V1. Thus, while VGluT1-ir and VGluT2-ir have complementary laminar patterns, regional patterns are overlapping in sensory cortex of the mouse. Since we did not study VGluT1 in the present study, the possibility that one or both are more heavily expressed by neurons that project to the belt and parabelt areas cannot be ruled out, but several pieces of evidence render this explanation highly doubtful. In the recent study of VGluT1 and VGluT2 expression in the thalamus of rats (BarrosoChinea et al., 2007) , VGluT2 mRNA was widely expressed by neurons in all MGC divisions, whereas VGluT1 mRNA expression was found only in the MGv, and at slightly reduced levels. Expression patterns were similar in VP and the lateral geniculate nucleus (LGN). Moreover, the mRNA of both transporters was coexpressed by most or all neurons in the principal relay nuclei, supporting the additional finding of Graziano et al. (2008) that VGluT1-ir and VGluT2-ir were frequently colocalized in the same axon terminals in layer IV of S1 of the mouse. Thus, the absence of VGluT1 mRNA from the MGd and the coexpression of both transporters in the MGv suggest that the regional distributions of VGluT1-ir and VGluT2-ir will be comparable and will diminish along the core-belt-parabelt axis.
A fourth explanation is that methodological factors or anatomical differences in the axonal projections of a subpopulation of MGC neurons restricts immunohistochemical detection of VGluT transporters. Since little is known about the ultrastructure of those neurons and their cortical terminations, this remains speculative.
Clearly, additional studies will be needed to address the questions that have been raised here. In the meantime, we can conclude that there is a strong correspondence between VGluT2-ir and at least a portion of the total thalamocortical projection to the core and belt regions. 
Sublaminar patterns of VGluT2-ir
Thalamic input to auditory cortex from the MGC is typically reported to be concentrated in layers IIIb and IV, with weaker direct or collateral inputs to other laminae (de Venecia et al., 1998; Hashikawa et al., 1991 Hashikawa et al., , 1995 Jones and Burton, 1976; McMullen and de Venecia, 1993; Velenovsky et al., 2003) . It is often overlooked, however, that sublaminar input patterns are not uniform across areas. In primates, for example, MGv projections to the core are distributed over layers IIIb and IV, whereas inputs to the belt and parabelt from the MGpd and MGad are concentrated in IIIb, with limited or sparse projections into the upper portion of IV Jones et al., 1976; Mesulam and Pandya, 1973) . Similar findings have been reported in the cat (Shinonaga et al., 1994) . These patterns closely match the sublaminar distribution of VGluT2-ir in the present study. In areas A1 and R of the core, VGluT2-ir was concentrated in layer IIIb and the upper half of layer IV, and reduced in the lower half of layer IV. In the belt areas, VGluT2-ir was concentrated in IIIb, with minimal extension into the upper edge of layer IV.
These observations highlight basic regional differences in the circuitry (Fig. 8F) . The absence of thalamic input to layer IV of the belt and parabelt raises intriguing questions concerning the nature of those inputs. What is their source(s)? Are they glutamatergic? The predominant theory, which has a measure of anatomical support, is that layer IV of the belt and parabelt receives inputs from at least one other auditory area (de la Mothe et al., 2006a; Fitzpatrick and Imig, 1980; Galaburda and Pandya, 1983) . This raises the additional question (discussed above) concerning the identity of the glutamate transporter or neurotransmitter used in those projections, since VGluT2-ir was sparse or absent from layer IV, and VGluT1 and VGluT3 are doubtful candidates (Barroso-Chinea et al., 2007; Graziano et al., 2008) . Assuming that glutamate is the principal excitatory neurotransmitter in these circuits, it may be that feedforward cortical projections to layer IV between areas of auditory cortex utilize a glutamate transporter that has not been identified, or perhaps VGluTs are not an adequate marker of certain types of glutamatergic projections. These questions will need to be addressed if we are to fully understand information flow and the interactions between parallel inputs to a given area of auditory cortex. This is discussed briefly below.
Implications for information processing in auditory cortex
Information processing in auditory cortex reflects the summation of activity mediated by a complex network of connections involving several nuclei in the thalamus (MGC, other) and dozens of auditory and auditory-related cortical areas. Unfortunately, our current understanding of information flow in these circuits is rudimentary. Although the principal input and output sources for most areas have been identified, the manner in which those connections are integrated (i.e., laminar, columnar, and cellular interactions) are largely unknown. Thus, the influence of a given input source on auditory processing within an area or region is rather difficult to predict.
The results of the present study represent an important step toward the characterization of these circuits, and may even have functional implications for the major circuits that have been identified. For example, a basic tenet of our working model of primate auditory cortex organization is that information processing is hierarchical along the core-belt-parabelt axis Hackett, 1998, 2000) . This hypothesis is supported by the diminishing VGluT2-ir gradient along the same axis, where the direct influence of this class of glutamatergic inputs within the processing hierarchy is limited to the thalamorecipient layers of the core and belt. The findings also imply that the influence of glutamatergic inputs regulated by VGluT2 represents a minor fraction of the total 'excitatory' inputs to a given area or even a single column of cells. We must add to this, of course, the influence of GABA-ergic, serotonergic, cholinergic, and noradrenergic inputs from sources that have not yet been integrated into our working model. Thus, the regional and laminar patterns of VGluT2-ir observed in the present study support the processing hierarchy, but also remind us that many details remain to be worked out.
Conclusions
The main finding of this study indicates that VGluT2-ir is concentrated in the thalamorecipient layers of the macaque monkey auditory cortex, but diminishes in magnitude along the core-belt-parabelt axis, matching chemoarchitectonic gradients of other markers concentrated in those layers. The regional and laminar distribution of VGluT2-ir closely matches the thalamocortical projection patterns of the MGv, which also diminishes along this axis, suggesting that VGluT2-ir may largely reflect the inputs of the primary (lemniscal) pathway. Since the density of thalamocortical axon terminals is only partially reduced along the core-belt-parabelt axis, glutamatergic projections not regulated by VGluT2 may utilize a different transporter. The results also revealed that VGluT2-ir was largely absent from layer IV in the belt and parabelt regions, a potential target of feedforward connections between auditory areas. The absence of VGluT2 from those projections suggests that these circuits utilize a different glutamate transporter, as well. Overall, the findings are consistent with the serial flow of information along the core-belt-parabelt axis, but highlight the need for detailed exploration of the chemical anatomy of these circuits.
